Tc-99m-teboroxime is a perfusion tracer with high myocardial extraction, fast washin and washout kinetics, and excellent imaging properties. The fast kinetics pose some problems for static imaging, but they also allow for back-toback stress/rest studies to be performed very quickly. Furthermore, such fast kinetics are ideally suited for dynamic imaging. We have compared static versus dynamic teboroxime SPECT imaging in canines using microsphere-derived flow values as the gold standard. Dynamic data were acquired in eight dogs using a fast serial scanning protocol. The data were analyzed in two ways: (1) summing timeframes to create a single, static dataset with consistent projections; and (2) 4D reconstruction and kinetic parameter estimation for a two compartment model. In both cases imaging data (voxel intensity or washin rate parameter) were correlated with flow values measured by microspheres. The static summing procedure that produced the best correlation with flow consisted of summing the projection data acquired from 60 to 180 seconds post-injection. The washin rate parameter was found to provide better correlation with flow than static image intensity in six of seven animals. When the data were pooled over all studies, washin provided significantly better correlation with flow than static imaging (p<O.OOl). We conclude that dynamic imaging of teboroxime with compartmental modeling provides a better measure of flow than can be obtained from static imaging techniques.
I. INTRODUCTION
Technetium-99m labeled teboroxime is a neutral lipophilic compound with high myocardial extraction and rapid washout kinetics that has been investigated as a tracer for myocardial perfusion SPECT [l] . Teboroxime has a number of desirable properties that may make it more efficacious than thallium-201. While 201T1 enjoys high myocardial extraction around 85%, extraction and retention of *"Tl decrease as flow increases. Teboroxime demonstrates even better myocardial extraction, with a first pass retention level of about 90% and retains linear extraction even at flows up to 4.5 ml/min/g. Teboroxime also undergoes fast washout from myocardial tissue, a property that may permit sequential stress/rest images to be acquired very quickly. However, such fast washout can be problematic for static imaging protocols, and the implications of this property are discussed further below. Teboroxime also demonstrates avid hepatic uptake which, though slower than its myocardial uptake, may adversely affect the apparent intensity of the inferior wall and increases the need for scatter compensation.
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In addition to having very good physiological properties, 99"Tc-teboroxime has imaging properties which are markedly better than those of 20'T1. 201T1 has multiple emissions, primarily low energy (70-80 kev), which enhance degradation from attenuation and especially scatter. Furthermore, the relatively long physical half-life of 201T1 (73.lh) greatly limits the acceptable dose due to radiation safety considerations, resulting in the need for longer acquisitions and exacerbating degradation from statistical noise. 99m Tc, on the other hand, has an ideal emission energy (140 kev), good half-life (6.0h), and excellent imaging properties overall. Other yg"Tc-labeled tracers, such as sestamibi [l] , have received more attention than teboroxime, but the physiological properties of these tracers are limited compared to the full potential of teboroxime.
As alluded to earlier, the fast kinetics of teboroxime have several implications for cardiac imaging. Fast myocardial clearance permits multiple injections and sequential scans to be performed in short order, allowing stress/rest studies to be performed much more quickly than with other tracers. However, teboroxime washout causes inconsistencies between projections acquired at different times during the scan, and differential washout between regions of normal and ischemic myocardium may cause streak artifacts and lead to an underestimation of ischemia when conventional static acquisitions are used [ 2 ] . Certain "multi-scan'' static imaging protocols may potentially mitigate the former problem. On the other hand, the fast kinetics of teboroxime make it particularly well-suited for dynamic imaging protocols, where kinetic rate parameter estimates may potentially provide quantitative physiological information that is unavailable from static imaging.
The goal of this work is to comparatively evaluate multiscan static teboroxime versus dynamic teboroxime myocardial perfusion SPECT in canines, with the underlying purpose of understanding the need for and potential benefit of the dynamic imaging approach. Eight dogs received dynamic "Tcteboroxime SPECT scans at rest and under adenosine stress. The left anterior descending (LAD) coronary artery was occluded in five of the animals. The data were analyzed using both compartmental-modeling dynamic processing and a multiscan summed static processing. For each study, washin rate parameters and static image intensities were correlated with microsphere-derived flow values in 16 myocardial regions and compared.
METHODS

A. General Preparation
The canine studies used in this paper were performed as part of a larger protocol as described in [3] , and only the details pertinent to this work are presented here. Studies were performed in eight canines (29.7 f 8.1 kg), following the principles of laboratory animal care recommended by NIH. Each dog was initially anesthetized with 8 mgkg Telazol (MWI Veterinary Supplies, Nampa, ID). The dogs were then intubated and anesthetized with oxygen mixed with halothane (1-10%). Heparin was administered at regular intervals, and small doses (3ml) of pancuronium, a muscle relaxant, were given as needed. The chest was opened at the 5Ih left intercostal space, and the heart was suspended in a pericardial cradle. A catheter, used for microsphere delivery, was placed in the left atrial appendage and secured with a purse-string suture. An ultrasonic flow probe was placed around the LAD between the first and second diagonal branches. In five animals the LAD was occluded with either a snare ( n 4 ) or a hydraulic occluder (n=l) placed just distal to the flow probe. The snares and hydraulic occluder produced complete and partial occlusions, respectively. In order to minimize interference from liver uptake, gauze was placed above the liver to hold it away from the heart. This was done through a small slit in the abdomen. The chest was then closed, and the animal was moved to the imaging room for the duration of the study.
B. Data Acquisition
All imaging was performed on a Prism 3000XP three detector system (Picker International) using 65 cm focal length LEHR fan beam collimators. The animal was first secured in a right lateral decubitus position on the imaging table. The blood pressure, ECG, and heart rate of each animal were monitored continuously throughout the study, and blood gases were measured periodically in order to avoid hypoxia.
Transmission imaging was performed first using a manufacturer-provided lS3Gd or ""Tc line source placed at the focal line of the collimator. The teboroxime scans were then acquired with a 15% energy window centered at 140 kev, and the data for each timeframe were binned into matrices of 64 bins x 64 slices x 120 angles using 0.712 cm pixels. The stress scan preceded the rest scan in four dogs, and it followed the rest scan in the other four dogs. The delay between the two scans was approximately 20 minutes, and the teboroxime dose was increased by (59+25)% for the second scan in order to reduce the effects of residual activity from the first scan. In both cases 180 serial acquisitions were acquired over 16.8 minutes by continuously rotating the three-head camera backand-forth through 120". The resultant data were combined to form 180 sets of 360" projection data, each acqukd over 5.6 seconds. In all cases, at least one full timeframe was acqprior to tracer injection.
For the resting studies, 13-31 mCi (490-1150 MBq) of ""Tc-teboroxime were administered intravenously. Approximately 1 . 3~1 0~ microspheres, each 15 pm in diameter and labeled with S7C0, were injected simultaneously into the left atrium. An arterial reference sample was withdrawn from the femoral artery at a rate of 7 mYmin, with the withdrawal beginning just prior to injection and lasting a minimum of 90 seconds.
For the stress studies, vasodilation with adenosine was used. In six animals the adenosine infusion was started prior to imaging, was adjusted during the initial 30 minutes to hold LAD flows stable at 3-4 times their resting values, and remained continuously on until SPECT imaging was complete. Initial adenosine infusion rates were approximately 50 pg/kg/min at a concentration of 5 mmol/L for these studies. In the other two dogs, adenosine stress was applied according to clinical patient protocol-adenosine was infused at a rate of 140 pg/kg/min for 6 minutes, with teboroxime injection occurring 3 minutes into the infusion period. Issues related to the differences between the continuous-infusion and clinical protocol infusion are discussed in detail in [4] .
At the conclusion of each study, the animal was sacrificed and the heart excised. For animals with occlusions a staining procedure was used to mark the occluded region. Blue dye was injected into the LAD just distal to the occlusion, which was kept in place, and saline was injected simultaneously into the left main coronary artery at physiological pressure. The hem was then sectioned into six slices, each 7-10 mm thick, and photographed. Each slice was cut into quadrants or eighths, and the sections were weighed and placed into a vial for scintillation counting. The microsphere arterial reference samples were likewise placed in vials for subsequent counting. All samples were counted several days or later following the study in order to allow the radiopharmaceuticals to decay, and the microsphere data were decay-comted back to the time of the imaging study.
C. Data Analysis Reconstruction methods
The data for each study were processed in two ways: "multi-scan" summed static processing, and dynamic processing with compartmental modeling. Both methods used the reconstruction algorithm described here; the differences between the processing methods are described below. All projection data was reconstructed using six iterations of OSEM with 10 angles per subset and stored on image matrices using cubic 5 mm voxels. The transmission data were reconstructed first and then scaled to the appropriate energies when necessary. The emission data were reconstructed, using the transmission maps for non-uniform attenuation correction, and compensation for the depth-dependent detector-response function was also performed by modeling it in both the projector and backprojector of the algorithm. No scatter compensation was applied. The reconstructed images were reoriented and the region of the heart was extracted to form a series of approximately 15 short-axis slices.
A semiautomated procedure was used to generate septal, anterior, lateral, and inferior regions-of-interest (ROIs). Each ROI spanned pairs of adjacent short-axis slices, had an axial thickness of 1.0 cm, and had an average volume of 2.2 cm'. In all, sixteen regions were used for each study.
Static image processing
For the static processing method, the timeframes for each study were summed in various ways to produce 'static-average' datasets. The static-average data sums started at 1, 2, or 3 minutes post-injection, and were summed for durations of 2 to 10 minutes in one minute increments. Thus, 27 total staticaverage datasets were created for each study and reconstructed as described above. The best summing procedure was chosen as the one that maximized correlation with microsphere-derived flow values (as described below) over all studies, and the data 0-7803-5696-9/00/$10.00 (c) 2000 IEEE summed with this procedure were used for all subsequent analysis.
One difficulty encountered when correlating static image intensities with blood flow is that image intensity is a quasiquantitative measure that does not directly predict absolute flow values. An appropriate scale factor must be determined before correlation with blood flow can be calculated. This scaling accounts for factors such as dose, body mass, imaging time, system sensitivity, extraction fraction, and physiological conditions. The scale factor differs for different imaging situations, and an accurate method of directly converting image intensity to blood flow is not currently available. We make the assumption that, for each individual animal, the scale factors for the rest and stress studies differ only according to differences in the doses used. For each dog, the static ROI data from the stress study were first scaled by the ratio of rest/stress dose for that dog. The static ROI data from both the rest and stress scans were then scaled by a single scale factor so that the mean blood flow predicted by the static data was equal to the mean blood flow value measured using microspheres.
Dynamic image processing
For the dynamic processing method, the projection data for each timeframe were reconstructed separately. Time-activity curves were calculated for each ROI using the time-series of reconstructed images. In addition, the blood input function were calculated using a -4 cm3 ROI placed in the left ventricle blood pool. These data were then fit to the two-compartment model shown in where A, is the image intensity in the myocardial ROI for timeframe i, t, is the time of the start of timeframe i, At is the duration of timeframe i, and B(t) is the blood input function. The fitted washin parameters, k,,, in units of ml/min/ml were used for correlation with flow values for each study. One advantage of dynamic processing over static processing is that the dynamically estimated rate parameters are inherently quantitative, and the scaling issues encountered for the static processing method are avoided. 
Microsphere-derived flows
Microsphere-derived myocardial blood flows were determined for each region using the methods of Heymann et al.
[5].
The method included correction for crosscontamination between radiolabeled microspheres encountered during scintillation counting. Registration between the shortaxis images and physical heart sections was accomplished visually using photographs of the excised heart sections. Only regions in the central four contiguous slices of the heart were considered, and the most apical and basal regions were discarded as registration errors were more likely in these slices. The microsphere-derived flows were used as the standard for imaging-versus-flow correlations.
RESULTS
Studies were successfully performed and analyzed in seven of the eight dogs. In one study the microsphere arterial reference sample was not successfully acquired, likely due to a blockage of the tubing used to acquire the sample. Since the required normalization of the microsphere data was not available, data for this dog were excluded from the analysis. Microsphere data from the remaining seven animals produced flow values within the expected ranges for both the rest and stress studies. Mean arterial pressure generally fell about 30% during adenosine infusion, and ST segment shift was noted with LAD occlusion.
A. Static Image Processing
Reconstructed image intensity was correlated with microsphere-derived flow values for each of the multi-scan summed static datasets. Recall that the summed static data started at either 1, 2, or 3 minutes post-injection and were summed for durations of 2 to 10 minutes in one minute increments. The correlation coefficients for each of these cases vs. flow are shown in Figure 2 . In all cases, the shortest scan durations produced the highest correlation with flow, and the correlation coefficients decreased monotonically for increasing scan durations. Likewise, the highest correlations were measured for a delay of 1 minute post-injection, again dropping for the longer delays. The best summing procedure considered consisted of adding the projection data acquired from 60 to 180 seconds post-injection, and this dataset was used for all subsequent data analysis. Note that a shorter delay or shorter duration could potentially have provided slightly better results, though such analysis has not yet been performed. It was somewhat unexpected that a scan of only 2 minutes length provided the best correlation with blood flow. Though initial teboroxime uptake is expected to correlate best with flow, we had anticipated that such a short scan duration would have insufficient statistics to provide the best performance. Figure 3 shows reconstructed short-axis slices for one of the stress studies for summed static data of 2 and 5 minutes duration. The noise levels in both of these sets of images are visually similar, though the mean number of counts in the 2 minute and 5 minute summed static datLsets were 3 . 2~1 0~ and 7 . 7~1 06, respectively. We postulate that the increase in statistics gained by including data acquired more than 3 minutes post-injection is offset by the poorer correlation with flow that such data exhibits; hence the shorter scan durations provide better correlations with flow. Note that the situation may be somewhat different in humans, where larger body sizes and more attenuation may increase the need for higher statistics; however, the general trends observed here can be expected to hold for clinical studies as well. 
B. Dynamic Zmaging Results
The dynamic data for each study were successfully processed, except that the compartmental-model fitting program failed to converge for one region in one study. The data for that region were excluded from all subsequent analyses involving dynamic data. Sample time-activity curves for one of the stress studies showing the ROI uptake, input function, and fitted curve are given in Figure 4 . The noise levels encountered were typical for dynamic SPECT imaging using fast rotation protocols, and fitted washin parameters fell within the expected range of physiologic blood flows at rest and under pharmacologic stress.
C. Correlation with Microsphere-Derived Flows
The correlation coefficients (r) for SPECT imaging results versus microsphere-derived flow values for each study are listed in Table 1 . Here the rest and stress data for each dog were pooled, so each study contains 32 data points: 16 regions each at rest and at stress. In six out of seven dogs the dynamic imaging approach outperformed static imaging. The data were also pooled over all dogs and the results are shown on the bottom lines of Table 1 (223 data points When the same inter-study scaling procedure is applied to the dynamic results (i.e., scaling the rest+stress data for each dog so that the mean k,, values equals the mean microspherederived flow value), then the correlation of scaled-k,, vs.
spheres was 0.890, and the fit was y = 0 . 8 6 6~ + 0.151.
For each case listed in Table 1 the hypothesis &: r,, =rstatic was tested versus the alternative HA: r, , > rstauc using the Fisher-z transformation and a one-tailed t-test. The cases found to have statistically significant differences at the a=0.05, a=O.Ol, and a=0.001 levels are marked in the table.
Note that, for the data pooled across all studies, a very significant difference between dynamic and static correlation with blood flow was observed (pc.001). 
IV. DISCUSSION AND CONCLUSIONS
This study compared static versus dynamic teboroxime SPECT imaging of myocardial perfusion in canines using microsphere-derived flow values as the gold standard. In order to compare static and dynamic imaging under identical physiologic conditions, only dynamic scans were performed, which were then summed to create multi-scan static datasets. Once consequence of this is that, though the summed static data accurately reflect the tracer distribution during the scanning period, they do not contain inconsistencies between projection angles that would be encountered when using a conventional static scanning protocol. Such inconsistencies are a source of concern for teboroxime imaging because the tracer distribution changes significantly over the duration of the scan. The results of this work are therefore somewhat idealized for the static data, representing an upper limit on static imaging performance. In conventional practice a single static acquisition would be performed, which would be subject to errors not encountered here. It may be that the best way to perform static teboroxime imaging would be with a multi-scan summed approach such as used here, though much fewer and longer individual scans would likely be employed.
The dynamically determined washin rate parameter demonstrated a higher correlation with blood flow in six out of seven animals. When the data were pooled across all studies, dynamic imaging outperformed static imaging by a significant margin when inter-study scaling was applied to both datasets. When the dynamic data were treated as being truly quantitative, dynamic imaging still performed slightly better than static imaging even though the static data had ideal inter-study scaling applied and the dynamic data did not. Furthermore, the slopes of the regression fits were consistently closer to 1 .O for the dynamically processed data than for the static approach. These results lead us to conclude that dynamic SPECT imaging of teboroxime with compartmental-modeling may provide a more accurate measure of myocardial perfusion than does static imaging. The dynamic approach also carries the benefit that it provides measures of flow that are inherently quantitative, potentially providing objective measures for detecting disease that avoid subjective image interpretation.
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